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ACOUSTICTRANSFER VECTORS CONCEPT AND ACOUSTIC
RADIATION ANALYSIS OF THE APPLICATIONS

KHAI NIEM VECTOR HAM TRUYEN VA AP DUNG PHAN TiCH BUC XA AM

ABSTRACT

In the latest several decades, NVH (Noise-Vibration-Harshness) has become an important
indicator for quality and comfort of cars. The structural acoustic performance of a car becomes an
important issue in the design process. In car structures, the vibration of plates is not self-generated,
but passed from the frame structure. Thus, the frame structure of a car is the important source of
vibration and noise. The topography optimization, an optimization technique based on shape
selection, is applied to problems of structural acoustic optimization. A case study on the application
of topography on the frame structure is illustrated. The paper presents Acoustic Transfer Vectors
and Modal Acoustic Transfer Vectors and their use in acoustic radiation prediction, particularly from
the surfaces of frame structure. Acoustic Transfer Vectors are input-output relations between the
normal structural velocity of the radiating surface and the sound pressure at a specific point in the
field. The Modal counterpart gives a similar relation, but expressed in the modal coordinates of the
radiating structure. The structural response, computed with a standard FE model such as NASTRAN,
can be determined either directly in the frequency domain using a modal model, and this provides
the boundary conditions for the acoustic radiation.

Keywords: Acoustic Transfer Vector, finite element method (FEM), boundary element method,
structural acoustic radiation, topography optimization.

TOM TAT

Trong nhiing nam gan ddy, NVH (Tiéng 6n - rung ddng - x6c) la mét chi s6 quan trong cho chat
Iugng va sy thodi mdi trén 0 t6. Trong qud trinh thiét ké, mot vén dé quan trong la dnh hudng dm
thanh clia cdu triic mgt chiéc xe. Trong cdu tric xe, rung dong cla tdm khéng phai la tu tao ra,
nhung dugc truyén tir cdu triic khung. Do d6, cau tric khung clia mdt chiéc xe dong vai tro nhu mot
ngudn rung dong va phat ra tiéng on quan trong. T6i uu héa hinh thai hoc, mdt ky thuat t6i uu hoa
dua trén su lva chon hinh dang, dugc dp dung d€ gidi quyét van @ vé t6i uu hda cdu tric. Toi uu
héa hinh thai hoc cdu tric dang khung la mdt ap dung trong nghién ctu nay. Bai bdo trinh bay cic
vector truyén am va cac phuong thic vector truyén dm dugc s dung chiing trong du bao biic xa
am, dac biét cac bitc xa am phadt ra tlf cac bé mét clia cau tric dang khung. Vector truyén dm 1a mgt
thong s0 vao va ra gitfa van toc phap tuyén két cau clia bé mat biic xa va ap suat am thanh tai mot
diém cu thé trong trudng dm. Céc phuong thitc mé phdng cho mdt mdi quan hé tuang tu, nhung
thé hién trong toa dd phuong thic clia cdu triic bi biic xa. Théng so cia dap ting cau triic duoc tinh
béng md hinh FE chudn nhu NASTRAN, 6 thé xdc dinh duoc truc tiép trong mién tan s6 véi viéc sit
dung mé hinh phuang thiic va diéu nay la diéu kién bién cho biic xa am.

Tir khda: Vector truyén dm; Phuong phdp phdn tir hitu han (FEM); Phuong phdp phdn tir bién
(BEM); Buic xa dm-cdu tric; Toi uu hinh thdi hoc.
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1. INTRODUCTION

In the automotive and other industries
where there is frame structure, which radiate
noise, reducing and controlling that noise is
often an important functional performance
criterion of the design. The purpose of this
paper is to show analysis of the folded plate
structural acoustic radiation pressure. Many
numerical methods, such as the finite
element method (FEM) [3], the boundary
element method (BEM) [4], the statistical
energy analysis (SEA) [3,4] and the energy
flow analysis (EFA) [6], have been developed
to simulate the structural acoustic
performance of a car. Different methods
must be used based on the design objective.

Two boundary element formulations can
be used to derive the Acoustic Transfer
Vectors (ATV): the direct formulation in terms
of pressure and velocity as boundary
variables and the indirect formulation in
terms of single and double layer potentials
(velocity jump and  pressure  jump
respectively). The direct formulation is the
most straightforward approach but the
indirect formulation is the most general.
Indeed, when both sides of the boundary
radiate, the direct formulation fails to give a
correct representation. Because it is
expressed in terms of velocity jump and
pressure jump, the indirect formulation is
well suited to such problems. Both
formulations (using a collocation technique
for the direct formulation and a variation
approach for the indirect formulation) will be
derived in the first section. Finally, and for sake
of simplicity, the absorbent boundaries will be
presented in the mathematical derivations.
The reader should be aware that, although not
presented, these types of boundary
conditions or special treatments are possible
in inverse boundary element methods.
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The process presented in this paper, using Acoustic
Transfer Vectors, provides a dramatic reduction in the
overall computation time for acoustic radiation prediction
in such applications, without losing the accuracy inherent
in a proper solution of the acoustic wave behavior around
the radiating surface using BEM.

2. ACOUSTIC TRANSFER VECTOR BASED ACOUSTIC
RADIATION PRESSURE

The acoustic transfer vectors from the radiating
surface to specified field points are evaluated in the first
step across the frequency range of interest at fixed
frequency intervals. In the second step, the acoustic
response p(w)in the field points is calculated for all

loading conditions by combining the ATV with the normal
structural velocity boundary condition vector at any
frequency within the range. This ATV-response calculation
is a vector-vector product, given as,

p(m):{atv(m)}T {vn (m)} (1)
Where {atv(co)} is the acoustic transfer vector; w is the
angular frequency; {vn (oa)} is normal velocity on the surface.

An important observation is the fact that in case of
sound wave propagation in an open space the fluid
domain around the radiating object exhibits hardly any
resonant behavior. Therefore, ATV's are rather smooth
functions of the frequency, and coefficients can be
accurately evaluated at any intermediate frequency, called
slave frequency, using a mathematical interpolation
scheme based on a discrete number of frequencies, called
master frequencies. It is important to note that the
structural normal velocities cannot be similarly
interpolated, since these directly depend upon the highly
resonant dynamic behavior of the structure.

Another important advantage is that these frequency
dependent ATV's can also be used for contribution analysis,
i.e. by a ‘partial’ vector-vector product only taking into
account the normal velocity boundary conditions on part
of the radiating surface, i.e.

p.(w) = nZj:{a’cve (m)}T {vﬁ ((D)} 2)

where by the superscript e denotes an element
contribution. This way, the contribution of groups of
elements, corresponding to distinct panels of the structure,
can be derived, providing more insight into the noise
generation mechanisms.

The engineering process to compute the structural
normal velocity on a vibrating surface relies usually on the
structural finite element method, and often on the modal
superposition approach, where the structural response is
expressed as a linear combination of the mode shapes of
the body, as in the following relation:
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{Vp (@)} =io[d, ]{mrsp(w)} 3)
where i is the /" mode shape;[¢,] is the matrix

composed of the modal vectors, projected on the local
normal direction of the boundary surface, and {mrsp(co)}

is the modal response (vector of the modal participation
factors) of the structural model at a given excitation
frequency.

Combining Eq. (3) with Eq. (1) leads to,
p(o) =io{atv (o)} [6,]{mrsp(w)) @)
where im{atv(m)}T [0n]= {matv(m)}T (5)

is called the Modal Acoustic Transfer Vector {matv(a))} ,

which can be directly combined with the modal response
vector to give the sound pressure at a field point:

p(o)= {matv(co)}T {mrsp (o)} (6)

MATV's are the modal counter part of the ATV's. They
express the acoustic transfer from the radiating structure to
a field point in modal coordinates and therefore contain
the acoustic contributions from each individual structural
mode. The acoustic response in the field point is obtained
by recombination of the MATV with the corresponding
structural modal responses. Working in modal coordinates
results in an important data reduction. It's clear however
that MATV’s are no longer independent from the structural
model as they are linked to the structural modal basis.
Whenever the structural modal basis changes, e.g. due to
structural design modifications, the set of MATV's needs to
be reevaluated. From Eq. (5) it is clear however that for a
given structural modes set, the corresponding set of
MATV's can easily be re-generated by projecting the ATV's,
independent of the structural model, into the modal space.
It's important to note that this quick generation of MATV's
by projecting the ATV's into a new modal basis is only valid
if the acoustic configuration has not been changed due to
the structural design modification.

As a result, the frequency dependent acoustic pressure
is obtained, and can be represented in the form of waterfall
diagrams or as a color map on the field point mesh.

3. THE EXAMPLE OF STRUCTURE MODEL AND
NUMERICAL RESULTS

+ The finite element model

The folded plate is a symmetry structure with crank
angle o as shown in figure 5.1. The length of the folded
plate is 0.3 m, the width is 0.2 m and the thickness is 0.001
m. The density of this folded plate structure is 7800 kg/m?
and Poisson’s ratio of the folded plate structure is 0.3. The
acoustic velocity of the air is 343 m/s and the air density is
1.21 kg/m?3. After optimization, the above structural model
is changed from a plate to a shell [1, 2].
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The plate is divided into the four-node quadrilateral
shell elements. The finite element model of the folded plate
consists of 2400 elements and 2500 nodes. The analysis
frequency range is 15 to 300 Hz. That is the acoustic
frequency band mainly exists inside the car. All edges of the
plate are clamped (200 nodes).

z

Figure 1. The finite element model of the folded plate structure

It is possible to compare the sound pressure results for the
folded plate model by computing the noise transfer function
of the structure folded before and after optimization.

+ Topography optimization of structures [1]

Usually, the natural frequency of the first mode has the
largest contribution to the dynamical characteristics of a
plate structure. The first-order mode of vibration is the one of
primary interest. Maximizing the natural frequency of the
first mode shape will also increase the natural frequency of
higher modes and the stiffness of a structure. In this study,
the natural frequency of the first mode shape of a folded
plate structure is taken as the objective function. By
introducing beads or swages to the bracket, the natural
frequency of the first mode shape of a folded plate structure
is maximized. The optimization software Altair OptiStruct is
used to optimize the design of folded plate structures. The
shape of folded plate structures is defined by the finite
element nodes. The nodes in the design region are taken as
the design variables. The finite element mesh is generated
by MSC/NASTRAN automatically. The mesh generation
parameters are input by the designer. The selection of the
nodes to move is automatic. As shown in Figure 2, the new
position of the nodes and elements are determined through
the parameters selected by the designer as minimum width
(m), folding angles (a), draw angle (B), draw height (h) and
manufacturing constraints. The process of topography
optimization is to move nodes following the direction of the
normal vector of an element. The topography optimization
had been done iteratively and automatically until the
convergence conditions were met. After optimizing, the
results have been shown in Figure 3
Element normal vectors

Optimized surface

NP
-\_ Baseline surface

Figure 2. Beads created using the element normal vectors

Figure 3. Topography model of the folded plate after optimization with
folding angles o = 30°, 60° and 90°

The acoustic transfer function represents the
contribution, at the angular frequency w, of the structural
modes to the sound pressure and its calculation proceeds
through the following steps:

(1) The calculation of the acoustic transfer matrix:

+ Calculation by NASTRAN (SOL 103) of the structural
model eigenvectors;

+ Transfer of such eigenvectors to the acoustic model.
In addition, to proceed with the  calculation of the sound
pressure vector it is needed;

+ To calculate by NASTRAN (SOL 111) the vector of
modal coordinates;

+ To apply on it the modal acoustic transfer matrix.
(2) The calculation of the acoustic transfer vector:

+ ATVs are evaluated within a frequency range from 1 to
300 Hz, with steps of 10 Hz;

+ A cubic spline interpolation scheme is used to
estimate the ATV at all excitation frequencies in the range
of interest. The requirements on the number of master
frequencies, from which the ATV curves are obtained at any
frequency, depends on the shape and smoothness of the
frequency dependency of the ATV [7].

(3) Having chosen the SYSNOISE MATV procedure,
four sequential analyses are needed:

+ Generation of the file *.bdf by the software Hyper Mesh;
+ ATV computation by SYSNOISE [10];

+ Acquisition of the NASTRAN output, eigenvectors and
modal coordinates, and conversion of the acoustic transfer
matrix;

+ MATV solves, to obtain the pressure levels by
multiplying the modal acoustic transfer matrix and the
vector of modal coordinates.

The acoustic pressures level in all calculations before
and after optimization are shown in Figure 4~6. The
acoustic pressure results computed using the acoustic
transfer function with folding angles o = 30°, 60° and 90°
have lower acoustic pressure after optimization compared
with the models before optimization. The optimized
structure reduces the sound pressure at the driver’s ear.
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It can be seen from figure 7 that the structural acoustic
pressure of the optimized plates is different when a has
different values. This difference helps the designer to select
the optimal folding angle a in the early stage of design. The
above results of acoustic transfer function analysis have
shown that the structural acoustic pressure of folded plate
structures can be reduced by using topography
optimization method.
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